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ABSTRACT
After a fifty year absence, NASA’s return to the lunar surface under the Artemis Program – for long term human
exploration and utilization – is driving commercial and academic opportunities for small satellite and small lander
platforms (e.g., Commercial Lunar Payload Services program – CLPS). Bipropellant thrusters are a reliable, low
risk, and flight proven method for the propulsion and attitude control that is required for complex maneuvers such
entry, descent, and landing (EDL) or in-space proximity operations. However, due to the increasingly competitive
commercial spaceflight market in the last decade, satellite subsystems must also be affordable to buy their way into
the final mission design and engineering solution. Therefore starting in 2019, and based off prior satellite integration
work, Aerojet Rocketdyne (AR) undertook an advanced propulsion development effort to combine modern metal
additive manufacturing (AM) techniques with thrust scalable hypergolic MON-25 propulsion technology to create a
high performance and fully integrated (i.e., multiple thrusters integrated into a single package) reaction control
system (RCS) at a fraction of the production cost when compared to the heritage designs that are assembled from
individual thrusters. The point-of-departure for the RCS design comes from a new line of additively manufactured
thrusters that stably burn volatile MON-25 oxidizer with monomethylhydrazine (MMH) fuel at thrust levels of 5 lbf
and 100 lbf. Cost at the subsystem level is lowered by the AM integration of parts and functions which reduces the
build of materials, touch labor, and assembly time. In addition, AM allows the design to be adaptable to changing
requirements such as the number of thrusters, orientation, and thrust level. Cost at the satellite level is reduced by
leveraging MON-25’s lower freezing point of -55 °C (compared to traditional dinitrogen tetroxide oxidizer) to
minimize mass, thermal, and power requirements while operating in deep-space environments. In addition, thruster
operation at the equal volume mixture ratio for MMH/MON-25 allows for a modular approach to tank design and a
predictable center of gravity during maneuvering. This paper provides an overview of the ISE-5 and the ISE-100
MON-25 thruster technology that powers the integrated designs as well as the development progress of the AM RCS
concept itself. This includes reduction to practice activities such as proof-of-concept AM material test demonstrators
and water flow test units.
INTRODUCTION

bid on the planned twice yearly – or more – payload
deliveries to the Moon1.

As a stepping stone for the human exploration of Mars,
NASA’s Artemis program plans to establish a
permanent presence on the moon starting in 2024 with
the launch of the Artemis II mission, conducting a flyby
of the Moon, and Artemis III, in 2025, conducting the
first human landing nearly five decades after the Apollo
Program. With a new focus on long term utilization of
the lunar surface, the endeavor will require a regular
resupply of logistics: food, cargo, and science. It is this
aspect of the program that is driving commercial
opportunity as evidenced by the creation of the
Commercial Lunar Payload Services (CLPS) initiative
in 2018. The CLPS program incentivizes the U.S.
commercial space industry to introduce new lander
technologies to deliver NASA and commercial
payloads to the surface of the Moon. The program
already has 14 commercial CLPS providers eligible to
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In light of this new push to deep space, AR studied
approaches for future lunar missions that facilitates
rapid delivery of astronauts and logistics to the Moon
under Appendix E of NASA’s NextSTEP-2 program.
The study2 found storable propulsion to be one of the
highest scoring Artemis architectures based upon
weightings of schedule, cost, reliability, performance,
and extensibility (to future exploration efforts). These
storable architectures were similar to those of the
Apollo Program and, thus, the engineering team looked
at the heritage spacecraft elements (i.e., Apollo
Command, Service, and Lunar modules) to identify
areas where affordability could be injected using fifty
years of advancement in computer aided design,
propulsion technology, and manufacturing. Leveraging
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those advancements to make subsystems more
affordable enables long-term sustainability of any
spaceflight efforts taken to support Artemis, CLPS, or
future exploration programs.

propulsion technology – at 5 and 100 lbf thrust levels –
to further improve cost, schedule, reliability, and
performance.
Additive Manufacturing Background
The inherent benefits of layered additive manufacturing
(AM) are used to drive down propulsion system cost
and schedule while improving reliability. Cost and
schedule is lowered by the integration of parts and
functions which reduces the part count, machining, and
assembly time. Spacecraft system reliability is
improved by the reduction in parts / welds and AM
allows in-situ repairs/replacements if needed (e.g.,
NASA’s ISM project8). Moreover, AM processes like
laser powder bed fusion (L-PBF) allow for the creation
of load-driven thin walls and topology optimization not
readily available with traditional manufacturing
techniques. Utilizing those processes, one is able to also
increase the performance of the system (e.g., increased
thrust-to-weight by removing non-structural mass).
Additionally, AM allows the design to be adaptable,
scalable, and responsive to changing requirements (e.g.,
the 10° thruster cant angle seen in Figure 1).

Figure 1: Apollo RCS using R-4D thrusters3,4
One area of improvement that was identified was the
storable bipropellant reaction control system (RCS)
used for attitude control during fast-acting maneuvers
such as entry, descent, and landing (EDL) or in-space
proximity operations that can’t be done with other
simpler methods of control (e.g., reaction wheels and
magnetorquers). The Apollo lunar and service modules
had thirty-two Marquardt (now AR) R-4D 100 lbf RCS
thrusters to control orientation and rotation (i.e., roll,
pitch, and yaw) of the vehicles5,6. These individual
thrusters were arranged and integrated into “quads” of
thrusters, as illustrated in Figure 1, and burned storable
propellant. More than 650 R-4D’s were produced
during the Apollo program to support the twelve human
spaceflights and six successful landings7. Using that
metric as a weathervane foreshadowing the sheer
number of thrusters that would be needed for Artemis
and other commercial endeavors, any value-added
design changes that could be incorporated would have a
significant impact on affordability. This paper provides
a background into AR’s development of modern
bipropellant RCS concepts that reduce the complexity
of the Apollo era design using additive manufacturing
while also incorporating advances in bipropellant
Horton

Figure 2: RL10C-X Upper Stage Liquid Rocket
Engine with AM Copper Thrust Chamber9
AR has developed both metallic and nonmetallic AM
processes over the last 20 years. These processes
include powder metallurgy, L-PBF, electron beam wire
deposition, laser powder directed energy deposition,
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cold spraying, and others. Most recently, AR developed
seven metallic alloys – in nickel, titanium, aluminum,
and copper – across four L-PBF platforms to support
over 100 printed parts used in liquid rocket engines
(e.g., the RL10C-X upper stage engine9, as seen in
Figure 2, and the RS-25 staged combustion engine10),
hypersonic vehicles, in-space propulsion, and defense
applications.

metallurgically evaluated and dimensionally inspected
to ensure sound material has been made.
A new alloy to 3D-printing actively being developed by
AR is C-103. This is a niobium alloy traditionally used
in high temperature operating environments such as
bipropellant rocket engines. The engineering team has
investigated multiple types of AM, but narrowed in on
two processes: cold spray and L-PBF. Cold spray
additive manufacturing is a robotic deposition
technology that imparts fine powder particles on a
substrate or backing plate using a high velocity
compressed gas stream. The powder is able to
mechanically bond together to create a layer. This can
be continued to achieve the desired geometric shape.
Cold spray has the benefit of high deposition rates,
minimal material waste, and low temperature operation.
AR has been working to develop the spray parameters
and appropriate heat treatment cycles to achieve the
correct material performance requirements for in-space
propulsion. A geometric demonstration of the process
on a similar thrust chamber and nozzle assembly is
shown in Figure 3.
MON-25 Propellant Background
Spaceflight interest in storable and hypergolic MON-25
/ monomethylhydrazine (MMH) propulsion started in
2008 when NASA started to conceptualize longduration deep-space missions such as robotic lunar
rovers, the International Lunar Network, Resource
Prospector, and the Europa Clipper mission to Jupiter.
This propulsion subsystem would be the evolution of
traditional storable nitrogen tetroxide (NTO) / MMH
fueled subsystems where a mixture of 25% nitric oxide
would be added to the NTO oxidizer to form mixed
oxides of nitrogen (MON). While 1-3% nitric oxide
was historically used as an inhibitor in NTO propellant
(also known as MON-1 or MON-3) to resolve stress
corrosion issues, MON-25 has a lower freezing point of
-55 °C (from -13°C of MON-1) similar to that of the
MMH fuel (-52 °C). This attribute simplifies thermal
management on the spacecraft and reduces both mass
and cost (i.e., reducing the hardware associated with
heaters, batteries, and power generation). It should be
noted that a spacecraft would operate with margin
above the freezing point in the -30 °C range to avoid
issues with NTO crystallization13.

Figure 3: C-103 thrust chamber cold spray
geometry demonstration
The main process for the modern RCS concept is LPBF in which metal powder is selectively melted layerby-layer as defined in a build model to form a 3
dimensional component with a targeted 99.7% density.
The L-PBF process allows for higher design
flexibilities with its main limitation being the build
envelope of an L-PBF machine11,12.
Because of its use in spaceflight applications, AR has a
rigorous L-PBF qualification process that individually
qualifies the alloy, the supplier/machine, and the
component. To qualify an L-PBF alloy, AR first
identifies the powder, parameter, and heat treat
combination that optimizes the material in regards to
material properties and function. These attributes are
then locked down in various specifications and other
process controls. An L-PBF supplier/machine is
qualified once a set of key material property satisfies
baseline requirements and the metallurgical data meets
the material specifications. To qualify an L-PBF
component, AR builds a first article. This part is
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MON-25, however, is a challenging oxidizer to stably
combust with high performance for rocket engine
applications. Development of MON-25 propulsion
started in the 1990’s under a Jet Propulsion Laboratory
effort to use the oxidizer in traditional MON-3/MMH
technology and showed performance losses. Further
efforts to develop higher MON bipropellant technology
have been hampered by combustion instabilities
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associated with the higher vapor pressure of the
oxidizer. The creation and collapse of MON-25 gas
bubbles within the feed system and injector due to local
flow-field pressure drop can cause oscillations leading
to chamber pressure fluctuations and rough
combustion13. Development of new MON-25 thrusters
can address these issues during development by
designing propellant flow paths to stay above the local
vapor pressure (i.e., Bernoulli’s principle). AM further
enables that strategy by giving the propulsion designer
total modelling freedom in three dimensional space.
POINT OF DEPARTURE THRUSTER DESIGNS
For the modern RCS concept, AR leveraged its MON25/MMH In-Space Engine (ISE) product line
(described in Table 1 and illustrated in Figure 4) that
stably operates at thrust levels of 5 lbf and 100 lbf. ISE100 thruster development started in 2010 and the goal
of the program was to develop a compact, lightweight,
low-cost
thruster
utilizing
advancements
in
manufacturing and performance enhancements from the
missile defense sector14. By 2018, at the end of the
development test program (a test of which is shown in
Figure 5), the 100 lbf class engine successfully
accumulated 75 individual tests, 774 pulses, and more
than 500 seconds of hot-fire time15. Ultimately the test
program demonstrated a capable storable bi-propellant
thruster that was – per NASA assessment – 1/5 the
mass, 1/2 the size, and 1/3 the cost of its nearest spacebased competitors14. Part of that cost reduction was due
to the engine’s AM titanium injector which completed
the entire test series without anomaly. Further thruster
cost reductions came from advances in low-cost
cartridge valves designed specifically for the MON25/MMH application. Cost at the vehicle system level
is further enhanced by running the ISE-100 engine at an
equal volume oxidizer-to-fuel mixture ratio of 1.59.
This allows a common tank design to be used for both
propellants and provides a predictable center of gravity
during maneuvers.

Figure 4: ISE-5 (left) and ISE-100 (right) Size
Comparison
Due to the success of the ISE-100 program, AR started
to develop an MON-25/MMH ISE engine in the 5 lbf
thrust class, known as the ISE-5, which would be useful
in a RCS for small spacecraft and landers. Examining
CLPS competitors using storable bipropellant
propulsion, this thrust range may fit in well for lunar
landing attitude control thrusters: Astrobotic
Technology’s Peregrine attitude control at 10 lbf16,
Masten Space Systems XL-1T roll control at 5 lbf17,
Lockheed Martin’s McCandless 1 lbf and 5 lbf
thrusters18,19, and others (e.g., storable bipropellants
being used for Draper Laboratory’s Artemis-7 / Japan’s
ispace Hakuto-R). Surveying the larger industry, the
reliability, restart capability, and simplicity of
hypergolic bipropellant systems is preferred across
industry for small landers (e.g., Israel’s SpaceIL / Israel
Aerospace Industries’ Beresheet). An
ISE-5
development test article was built in 2021, using
traditional solenoid valves seen in Figure 6, and is
anticipated to begin testing in 2022.

Table 1: ISE Thruster Specifications
ISE-5

ISE-100

Propellants

MON-25 / MMH

MON-25 / MMH

Thrust (lbf)

5

100

Mass (lbm)

0.4

4.4

Height (inch)

3.9

12.2

Expansion Ratio

20:1

100:1

ISP, Vacuum (sec)

275+

314+

Mixture Ratio (O/F)

1.25

1.59

TRL 4
Early Development
Testing

TRL 6
Development
Testing Complete

Status
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Figure 5: ISE-100 Undergoing Vacuum Testing15
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or with additions of nitric oxide up to 25% to form the
various levels of MON.

Figure 6: ISE-5 Development Test Article (using
traditional solenoid valves)
INTEGRATED AM RCS CONCEPTS
AR explored capturing the same benefits in mass, size,
cost, and operability by integrating the ISE highperformance technology into a single RCS system
enabled by AM.
ISE-100 Based RCS
Based on prior AM satellite integration work20 and
further described in Horton, Yows, and Fung21, AR
started an internal research and development program
in 2019 to reduce to practice the use of L-PBF additive
manufacturing to fabricate a near net shape lightweight
and efficient “quad” reaction control system (i.e., 4
thrusters in a single integrated package) as illustrated in
Figure 7. This 100 lbf class RCS, emulating the Apollo
era design seen in Figure 1, would be useful for the
heavy elements of human class landing missions
envisioned for NASA’s Artemis program and take
advantage of the MON-25 benefits at the vehicle level.
Four ISE-100 thrusters are principally integrated into a
single part: the RCS injector block. This block contains
the propellant interfaces, fluid ducting/manifolds, lowcost cartridge valves, and the injectors fabricated in
titanium 6Al-4V. The four chamber / nozzle
components are either manufactured conventionally or
using newly developed AM process for C-103 (i.e.,
Figure 3). The chambers can either be bolted on, as
shown, or welded.

Figure 7: ISE-100 “Mk. I” AM RCS Design21

Another additional benefit of using AM for the RCS is
the ability to easily modify or scale the design to
changing mission requirements. This could be the
thruster cant angle or number of thrusters as previously
mentioned. Moreover, one is able to makes slight
modifications to the design to operate with pure NTO
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Figure 8: Evolution of RCS Injector Block21,22
Figure 8 displays the evolution of the AM RCS injector
block. The Mark I injector was a material test
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demonstrator and printed out of Inconel (a nickel based
super-alloy common to the aerospace industry). It took
only three days to build on a standard EOS company LPBF machine16. While the Mark I was successful in its
core objectives of showing concept feasibility, the team
delved further into a multi-disciplinary design and
optimization approach to improve the product,
described in Horton et al.22, known internally as the
Mark II. This included using an advanced software
package called nTopology to size propellant lines and
components against operational requirements such as
the structural analysis criteria. This process allowed
non-structural mass to be removed from the design by
creating thin load-driven walls while improving overall
thruster performance (i.e., increased thrust-to-weight)
by removing 50% of the mass (compared to the Mark
I). The second activity was to improve the build process
and remove unwanted build supports and associated
touch labor costs (i.e., electrical discharge machining
and final machining). This task was realized by using
VELO3D’s Sapphire non-contact recoater system to
produce AM overhangs down to zero degrees without
the need for specialized parameter development (versus
the 45° angle limits on geometry for older L-PBF
machines commonly used in commercial industry today
that may be improved with specialized parameter
development11). This is visualized in Figure 8 which
shows the “as printed” configurations in their build
orientation. The Mark I had to be built at a vertical 45°
degree angle with hard supports on the lower two
injector faces incurring touch labor to remove. The
Mark II, built on the VELO3D machine, removed these
supports by building up from the propellant interface.
In addition, the Mark II was printed in the desired flight
production material of titanium 6Al-4V.

and scalable to the required mission requirements (i.e.,
thruster cant angle, number of thrusters, MON
percentage, etc.).

Figure 9: ISE-5 Based AM RCS Design
CONCLUSION
For over 60 years13, storable propulsion has proven to
be reliable technology for the exploration of the solar
system. By leveraging recent advancements in
computer-aided optimization and manufacturing,
spacecraft subsystems such as a RCS has the ability to
be built at a fraction of the traditional cost while still
improving upon the performance of heritage designs.
Affordability of the product helps ensure sustainability
of any future effort to explore the Moon, Mars, and
beyond. This paper illustrated two concepts for an
integrated AM RCS subsystem – at the 5 lbf and 100
lbf thrust class – that take advantage of recent
developments in bipropellant technology to lower cost
at the vehicle system level. Additionally, this AMenabled hardware allows the propulsion designer to
rapidly iterate on designs to meet varying mission
requirements for any future spacecraft or lander.

The 100 lbf class RCS concept will undergo water flow
testing in 2022 to visually verify adequate impingement
with as printed injection holes using a Mark III injector
block design (not shown) that was recently fabricated in
late 2021.
ISE-5 Based RCS
In 2022, due to the success of the 100 lbf thrust RCS
concept, the AR engineering team started a parallel
effort for an ISE-5 based design that would service the
RCS needs for small spacecraft and landers. The
concept is depicted in Figure 9 and is integrated in a
similar manner to the 100 lbf class RCS: four injectors
are printed in a single block while four low cost
chambers are welded on at the injector face. Eight new
cartridge valves sized for the smaller propellant
flowrates are installed for both the oxidizer and fuel
circuits. A two bolt flange is used to connect the RCS to
the spacecraft’s propellant storage and feed subsystem.
Much like the larger RCS, the AM design is adaptable
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